Abstract-Z-pinch experiments at pulsed-power facilities generally field a wide range of diagnostics, designed to make measurements and study the relevant physics during all phases of the Z-pinch. Optical and X-ray images are collected to study ablation, implosion, and the stagnated pinch; yield and power measurements are made at various photon energies; and timeintegrated and time-resolved spectroscopies are recorded to infer plasma conditions before, during, and after stagnation. Typically, diagnostics fielded are dispersed azimuthally around the Z-pinch and at varying distances relative to the Z-pinch. The data are then analyzed and interpreted as a single entity to provide detailed information about a particular process or physics effect. Correlation of the results of the individual diagnostics in this fashion assumes that each diagnostic would measure the same result regardless of its azimuthal or radial location. Assessments of diagnostics to measure K-shell yield at the Z accelerator, which are fielded at varying azimuthal locations and radial distances, are presented. These measurements illustrate that the K-shell emission is azimuthally uniform for titanium, stainless-steel, and copper wire arrays and that the standard correction for radial distance is valid. The importance of view-factor corrections is also discussed.
. Typical wire array and return current can for a stainless-steel Z-pinch. The wire array is 55 mm in diameter, and the return current can is 67 mm in diameter. This configuration shows a nine-fold slot symmetry on the return current can.
include inertial confinement fusion [2] [3] [4] [5] , astrophysics [6] , [7] , and basic Z-pinch physics studies [8] [9] [10] . Z-pinches are typically diagnosed with a variety of X-ray and optical diagnostics that image the implosion and stagnation of the Z-pinch [11] - [13] , measure the radiated X-ray spectrum [11] , and assess the yield and power for various photon energy regions [11] , [14] [15] [16] . The diagnostics are dispersed azimuthally around the axis of the pinch at various radial distances and, often, at different angles relative to the Z-pinch axis, and with different views of the pinch due to aperturing. The basic load configuration of a wire-array Z-pinch consists of a wire array and a return current can, as seen in Fig. 1 . For the diagnostics to view the emissions from the Z-pinch, slots are cut into the return current can. The geometry of the return current can and the slots is determined in part by the goal of the experiment and in part by the fixed physical locations of available diagnostics. Many experiments at the Z accelerator field a return current can with a ninefold slot symmetry to match the nine available lines of sight (LOSs) for the diagnostics. These LOSs are mounted at 12
• relative to the horizontal surface of the vacuum chamber. The standard azimuthal locations for diagnostics at Z are shown schematically in Fig. 2 . Other diagnostics that reside in the vacuum chamber itself, such as the Z-Backlighter (ZBL) [13] and in-chamber spectral diagnostics, reside at 0
• . Note that the recent refurbishment of the Z accelerator, completed in 2007 [17] , allows for up to 18 LOSs, and the location of some standard diagnostics has shifted from what is shown in Fig. 2 .
To get the most complete picture of relevant implosion and stagnation physics and the radiation from the Z-pinch, diagnostics are usually analyzed and interpreted in conjunction with other diagnostics. While some diagnostics are absolutely calibrated, such as yield and power diagnostics, most rely on correlation with a complementary diagnostic for full analysis. For example, time-integrated and time-resolved spectra are collected, but estimating the energy measured in the different regions of the spectrum requires correlation with filtered power diagnostics. Similarly, time-resolved pinhole images at particular photon energies can show a spatial structure in the Z-pinch, which can be correlated with the measured spectra and power to assess the quality of a Z-pinch implosion and infer plasma conditions. These types of analyses provide valuable information about the various phases of a Z-pinch, from ablation to stagnation. Spectrometers, pinhole cameras, and power diagnostics are usually fielded at different azimuthal locations, at different radial distances relative to the Z-pinch, and with different views of the pinch due to different angles relative to the horizontal plane or aperturing, however.
To interpret the data from a diagnostic at one location jointly with the data from another diagnostic at a different location, it is clearly assumed that the Z-pinch radiation is azimuthally uniform and that the different azimuthal locations view a similar structure. A Z-pinch is formed when current flows through a cylinder of material (wires, gas, or foil), producing a j × B force that implodes the material symmetrically onto the zaxis to produce a high-energy-density column of a radiating plasma. By nature of this process, one would therefore expect a Z-pinch to exhibit cylindrical symmetry in the emitted radiation.
A 3-D calculation of a 55-mm-diameter nested stainless-steel wire array using Gorgon [18] shows that the Z-pinch emission is azimuthally isotropic, as seen in Fig. 3 . Fig. 3(a) shows an image of the stagnated pinch, while Fig. 3(b) shows the radiated output as a function of azimuthal location for several different axial locations.
Another primary assumption made in the interpretation of data is that the measured radiation decreases as 1/(distance) 2 as you move away from the Z-pinch. The location of diagnostics relative to the Z-pinch varies from < 1 m (interior to the vacuum chamber) to 18 m. To extrapolate from each location to what the plasma was at the actual location of the Z-pinch, the 1/(distance) 2 assumption is generally invoked. The final assumption is that the Z-pinch is uniform enough axially in that viewing one region of the pinch reasonably represents the view from another region of the pinch. That is, if a diagnostic is apertured to see only 20% of the full pinch length, that portion of the pinch accurately represents the other portions of the pinch as well. Related to this is the correction that is applied to adjust for an angular view versus a 0
• view for diagnostics that should be able to view the entire pinch. For the wire arrays fielded with K-shell X-ray sources, the pinch view at 12
• is essentially apertured by the return current can of the configuration, which blocks the anode end of the pinch, as shown in Fig. 4 . In Fig. 4 , the portion of the pinch blocked by the can at the 12
• angle is labeled as "x." The validity of the 1/(distance) 2 assumption, the azimuthal uniformity of the radiating Z-pinch, the axial uniformity of the Z-pinch, and the angular-view correction were evaluated during experiments to study K-shell output at the Z accelerator. K-shell sources available at the Z accelerator range from aluminum (K-shell photon energy of ∼1.6 keV) to copper (∼8.4 keV) and have provided substantial information for Z-pinch physics studies [19] [20] [21] [22] [23] . For the evaluations described here, the K-shell emission from titanium, stainless-steel, and copper Z-pinches was examined from diagnostics located at varying azimuthal and radial locations. The standard Z diagnostics are permanently mounted at specific locations (see Fig. 2 ), and therefore, it is difficult to field the same type of diagnostic at multiple azimuthal positions on any particular shot. Therefore, in addition to the standard diagnostics available at Z, additional diagnostics were fielded interior to the vacuum chamber to specifically measure the X-ray output closer to the Z-pinch and to allow for measurements at multiple azimuthal locations. These diagnostics included developmental in-chamber bolometers [24] , thermoelastic calorimeters (TEC gauges) [25] , and a photonic displacement interferometer [26] . The standard measurements were acquired on 12
• LOS pipes extending off the vacuum chamber, at distances ranging from 5 to 18 m, whereas the diagnostics interior to the chamber were fielded at distances ∼0.2-0.6 m relative to the Z-pinch. The in-chamber diagnostics, in this case, were generally mounted at 12
• as well.
Azimuthal uniformity was evaluated by fielding TEC gauges on up to six LOSs and by fielding other yield diagnostics at a variety of azimuthal locations, including filtered bolometers, PCDs, and the PDI. The radial extrapolation of the yield was examined by comparing the yields measured from these same diagnostics, which, as noted earlier, were fielded at distances ranging from 0.3 to 18 m. These measurements and comparisons suggest that not only are the X-ray sources azimuthally symmetric (to within the ∼20% error bars of the measurements) but also that it is reasonable to infer the yield at one radial distance from measurements made at substantially different radial distances. The effect of the restricted pinch view due to the return current can was examined through the use of TEC gauges fielded at 0
• and 12
• , and the pinch uniformity (and related implications) was evaluated via pinhole images.
II. AZIMUTHAL UNIFORMITY OF THE X-RAY SOURCE
The primary approach to evaluating the azimuthal uniformity of the X-ray source was to field yield diagnostics on several LOSs during a shot. Due to the fixed nature of the Z core diagnostics, this requires the employment of alternative yield diagnostics that can be fielded interior to the vacuum chamber. During two different test series at Z, multiple TEC gauges were fielded to assess source uniformity. On the first test series, a nickel-clad titanium-wire nested-array load was used, and TECs were fielded on six of the LOSs at a distance of 40 cm from the source. The wire array was a 50 mm on 25 mm nested configuration, fielded with ∼16-µm-diameter Ni-clad Ti wires [19] . The loads were elevated to evaluate 0
• versus 12
• performance (discussed later in this paper), resulting in a higher inductance and, therefore, lower Ti K-shell outputs than standard Ni-clad Ti nested arrays. A total of four shots were taken, with the TECs mounted at 12
• relative to the horizontal plane to view the X-ray source at the same angle as the Z core diagnostics. As seen in Fig. 5 , the yield inferred from the TEC gauges varies by ±10% for the various azimuthal locations, denoted by degree increments. This variation is less than the error bar of the measurement, which is usually assumed to be ∼20% based on the unfold process used to infer yield. Also shown in Fig. 5 is the filtered PCD yield, which resides at the 55
• azimuthal angle (also at 12 • ). The error bars on the PCD yields are ±15% here due to the uncertainty in the calibration factor used to infer yield. The PCD and TEC yields agree within the error bars of each measurement and clearly show that the source is azimuthally uniform within the diagnosics' ability to measure the yield. Similar agreement between the TECs and the PCDs was observed for the other shots taken during this test series. A second set of experiments in which TECs were fielded on mixed arrays (Ni-clad Ti and Al alternating between the inner and outer arrays, and nonelevated loads) also showed the azimuthal uniformity of the Ti K-shell emission to within the error bars of the measurements. Lower Ti K-shell yields were expected for these loads due to the mixed-array configuration.
Another method used for assessing azimuthal uniformity used bolometers under development by AWE [24] . These bolometers are commercially available nickel resistance thermometers designed to compensate for the effects of temperature changes on strain gauges. An example of this element is shown in Fig. 6(a) . The element consists of a Ni track that is 1-2 µm thick and sandwiched between two layers of 1-mil-thick polyimide. As seen in Fig. 6(a) , the element itself is small (∼9 mm long by 5 mm wide), which provides the opportunity to field several bolometers simultaneously on a single LOS. These bolometers differ from the standard Z bolometers [15] in that they operate on a single cable and the measurement is made using the change in the reflection of the voltage pulse at the impedance mismatch with a 50-Ω cable and the element. This pulse is observable when dose is deposited onto the element, causing a change in its impedance. The outputs measured on this diagnostic can be used to assess azimuthal uniformity, as the TECs could, because multiple elements could be fielded on each shot.
These bolometers were fielded on up to four LOSs on four identical 50 mm on 25 mm nested stainless-steel wire-array shots, and the bolometers were filtered to measure photons > 3 keV. Over the course of the shots, the azimuthal location of the bolometers varied from one shot to another. Two bolometers per LOS were fielded to establish reproducibility for this developmental diagnostic. While analysis is still underway regarding the absolute calibration of the data for conversion to yield, the raw data (in arbitrary units) can be used to examine the azimuthal uniformity of the source. These data show that the K-shell radiated output among the different LOSs is similar, with only a few measurements showing > 10% variation, as seen in Fig. 6(b) . The error bars shown in Fig. 6(b) are ∼20% (the error bar used for the other yield diagnostics). In all cases, the raw data from a single LOS from the two elements fielded differed by less than 10%. The agreement within each LOS adds confidence that the technique is viable and reproducible. While the variations that are observed azimuthally could be real due to the 3-D structure observed in these pinches, coupled with opacity issues, they are relatively small and within the projected error bars for the measurement technique itself.
The final method by which azimuthal uniformity was assessed was direct comparison of the different K-shell yield diagnostics dispersed azimuthally around the X-ray source. Specifically, K-shell yield data were collected on filtered gold Z bolometers [15] , PCDs [14] , TECs [25] , and the PDI [26] on various Z shots, and these values were compared against each other to assess the overall agreement. As noted earlier, these diagnostics are fielded at different azimuthal angles. Shown in Table I are the yield values inferred from a variety of titanium (4.7-keV), stainless-steel (6.7-keV), and copper (8.4-keV) shots. Note that the Ti load varied for the shots listed in Table I , so consistency in the K-shell yield was not expected. The configurations for the SS loads were essentially identical, as were the configurations for the Cu loads. Not all diagnostics were fielded on all shots for any of the load configurations. The TEC values cited in Table I and shown in Fig. 5 were obtained on shots in which a TEC was fielded on the LOS occupied on other shots by the PDI. On two of the SS shots, two PDIs were fielded side by side to quantify errors associated with the measurement. On both of these shots, postshot analysis of the PDI showed agreement to better than 10%. Several of the yield values from Table I ) show that the Ti, SS, and Cu K-shell yields are azimuthally symmetric within the error bars of the measurements, which range from 15% to 25%. Ti has a smaller error bar due to the similarity of this photon energy to the photon energy used for determining the calibration factor; Cu has a much higher photon energy, and because the calibration factors are known to vary with photon energy, the calibration factors used to infer yield are likely to be less accurate.
III. RADIAL EXTRAPOLATION OF THE YIELD MEASUREMENTS
The same yield measurements described in the previous section can also be used to address whether inferring the yield at one radial location is appropriate from yield measurements made at other radial locations. This is important for accurate comparison of diagnostics fielded at different radial distances relative to the X-ray source. It is generally assumed that the yield decreases as 1/(distance) 2 as one moves radially outward, which is reasonable for distances greater than ten times the size of the X-ray source. Because the X-ray sources for these loads are typically ∼2 cm long, this implies that for diagnostics fielded greater than 20 cm away from the source, it should be reasonable to apply a 1/(distance) 2 correction to infer the yield at any radial distance.
As noted earlier and listed in Table I , the various K-shell yield diagnostics are fielded at radial distances ranging from 0.3 to 18 m. Because multiple techniques suggest that the X-ray source is azimuthally symmetric, it can be assumed that comparisons can be made between diagnostics on different LOSs (i.e., different azimuthal angles) fielded at different radial distances to study the yield values inferred for test objects. A sampling of the SS and Cu K-shell X-ray data from Table I is shown in Fig. 8 . The PCDs are fielded ∼18 m from the X-ray source, while the Z bolometers are ∼ 6 m, and the PDI and TECs are ∼ 0.3 m. The different shots, denoted by different symbols within each material type, all show a similar result. The yield values obtained at 18 m agree with those obtained at 6 and 0.3 m to within +20%, which is the typical error bar quoted for these measurements. These yield measurements for SS and Cu suggest that yield estimates from the PCDs (at 18 m) can reasonably be applied to diagnostics fielded at closer radial distances because similar values are obtained when the measurement is made at closer locations. Similar statements can be made for the Ti X-ray source because the yield values inferred from the TECs (at ∼ 0.3 m) agreed well with the PCD yields (at 18 m), as discussed earlier. This is an important conclusion because complete analysis of pinhole images and K-shell spectra requires identification of the fraction of energy present in the spectrum. Because many diagnostics are not absolutely calibrated, this is achieved by extrapolation from diagnostics on other LOS, fielded at different distances.
IV. RESTRICTED PINCH VIEWS AND PINCH UNIFORMITY
The majority of diagnostics at Z are fielded at 12
• relative to the horizontal plane because they are attached to the 12
• LOS. The TECs and PDI diagnostics fielded as part of the azimuthal uniformity analysis were also fielded at 12
• in order to match the view of the other yield diagnostics. These diagnostics can also be fielded at 0
• , however, as they reside interior to the chamber. This allows for a direct assessment of the effect of a restricted pinch view, which is shown in Fig. 4 . The restricted pinch view results from the return current can hardware associated with the wire-array load. When looking at 12
• , this hardware blocks the anode end of the Z-pinch; the length obscured is a function of the location of the return current can relative to the axis. For the loads presented here, 5-8 mm of the initial 20-mm load height is not visible at a 12
• view angle. Additionally, yield diagnostics at Z employ limiting apertures to prevent saturation of the detectors and allow collection of meaningful data. As a result of these restrictions, a view-factor correction is applied to yield diagnostics to scale the output to the full 20-mm pinch height. The view-factor correction generally assumes that all portions of the pinch are radiating similarly. This is not necessarily the case, as seen in Fig. 9 , which presents the pinhole images of the Ti, SS and Cu K-shell outputs obtained at a time near peak K-shell emission. Also shown in Fig. 9 is a 6-mm-length segment, which represents a typical aperture size fielded for most of the yield diagnostics. Clearly, for the Ti, SS, and Cu K-shell sources, the Z-pinch Table I ). X-ray source does not radiate in the K-shell uniformly along the axial length of the pinch that is visible, and it can be assumed that the portion of the pinch obscured by the return current can is similarly nonuniform. Therefore, a simple scalefactor correction on a 12
• yield diagnostic may not provide an accurate value of the full radiation emanating from the Z-pinch.
This effect was directly observed on one shot where TEC gauges were fielded on multiple LOSs at both 0
• at the same distance relative to the X-ray source. The results are shown in Fig. 10 , where the 0
• yield values are shown as circles and the 12
• yield values are shown as squares. As shown earlier in Fig. 5 , these yields represent the Ti K-shell yield only. The 12
• yields shown in Fig. 10 have been corrected for the restricted view angle, and a ±20% error bar is indicated. As indicated before, this error bar was based on the complexity of the unfold process used to infer yield. Note that the data shown here were collected for only one X-ray source and on a limited number of shots. The corrected 12
• values are consistently higher than the 0 • values, although the measurements are essentially the same when the error bar is included. Additional data and evaluation are necessary to draw conclusions regarding the accuracy of the simple view-factor correction.
As noted previously, to scale the yield measured from the apertured source, a simple view-factor correction is usually applied, which assumes that the portion of the X-ray source that is viewed by the diagnostic represents all portions of the X-ray source. For soft X-ray emission, this is more appropriate as the conditions for producing this radiation are less stringent than those needed for K-shell emission and the emission is more global along the pinch. The impact for K-shell emission is important to consider, however, as the simple scaling with view factor could result in an overestimate, or underestimate, of the actual measured yield and therefore skew the interpretation of energy associated with imaging and spectroscopic diagnostics, which usually have larger fields of view. The in-chamber yield diagnostics, such as the TEC, PDI, and AWE bolometers, can be fielded at 0
• and therefore view the entire X-ray source without the complication of a scale factor. While the viewfactor correction can be complicated, it is interesting to note that, in general, the view-factor correction appears to work well, as the standard apertured LOS diagnostics (PCDs and bolometers at 18 and 6 m, respectively) and the in-chamber unapertured diagnostics (TEC and PDI) agree within their associated error bars.
Applying more detailed analysis techniques would aid in accounting for the pinch nonuniformity and possibly reduce the error bars placed on yield measurements. One possible improvement over applying a simple scale factor could be examining the intensity variation in a time-integrated pinhole image, coupled with comparisons of the measured yields over the region viewed. This should allow a direct comparison of the intensity in a specific region and, hopefully, a correlation that could then be applied to the other regions of the pinch to infer a more accurate yield. This would be a complicated correction to employ and should therefore be assessed on a shot-by-shot basis based on the data collected.
V. SUMMARY
In summary, a variety of measurements and comparisons have been made to evaluate the azimuthal uniformity, radial extrapolation, and field-of-view correction of yield measurements for the K-shell X-ray sources at Z. These measurements help to understand the issues associated with comparisons of diagnostics (yield, spectra, and images) and provide verification of the validity of such comparisons.
Multiple TEC gauges, fielded at multiple azimuthal angles (e.g., multiple LOSs) on Ti shots, as well as multiple AWE bolometers fielded on SS shots, showed the azimuthal uniformity of the X-ray sources with < 20% variation between LOSs. Comparisons of various other yield diagnostics, including additional TECs, PDI, Z bolometers, and PCDs, also indicate that the Ti, SS, and Cu X-ray sources are azimuthally symmetric to the measurement precision of the diagnostics. Comparisons of the yield measurements from the TECs and PDI show that the yields obtained at 6 m (Z bolometers) and 18 m (PCDs) agree well with the TEC and PDI yields. These comparisons show that one yield measurement can appropriately be extrapolated to other azimuthal and radial locations (and diagnostics) with a high level of confidence because several different measurements, fielded at varying locations, produce the same yield values.
The importance of understanding the field of view of a diagnostic was also illustrated through the nonuniformities observed in the K-shell emissions for different sources and by the direct comparison of 0
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